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Abstract

We consider the three-dimensional elastic wave equation for an isotropic inhomogeneous material
subject to a stress-free boundary condition. Building on our recently developed theory for difference
methods for second order hyperbolic systems [Kreiss et al., SIAM J. Num. Anal. 40, 2002], we
develop an explicit, second order accurate technique which is stable for all ratios of longitudinal over
transverse phase velocities. The spatial discretization is self-adjoint and the stability is obtained
through an energy estimate. Seismic events are often modeled using singular source terms and we
device a technique to place sources independently of the grid while retaining second order accuracy
away from the source. Several numerical examples are given.

1 Introduction

As a model for seismic wave propagation, we consider the elastic wave equation for an isotropic inhomo-
geneous material in a three-dimensional domain 2,

o
P o
T=MNV-u)l+p(Vu+va'),

=V T+f, x€Q, t>0, (1)

subject to initial data
u(Xv 0) = UO(X)a ut(xv 0) = Ul(x)a x € ()

Here ¥ is the stress tensor, u = u(x,t) is the displacement vector with Cartesian components u =
(u,v,w)T, where x = (z,y,2)T is the location and ¢ is time. f is the external (volume) forcing and the
material properties are characterized by the density p(x) > 0, and the Lamé parameters A\(x) > 0 and
w(x) > 0. The degenerate case p = 0 corresponds to acoustic wave propagation and will not be discussed
here. We henceforth assume pu(x) > 0.

Common boundary conditions include a Dirichlet condition for u or a normal stress condition

T-a=\V-un+puVut+Vu') =g, (2)
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which prescribes the stresses on a boundary with unit normal n. When g = 0, this boundary condition
is often called a free surface or stress-free condition. The system (1) admits longitudinal (P, or primary)
and transverse (S, or secondary) waves which propagate at phase velocities

¢y =@+ N/p, and e, = /ulp,

respectively. There can also be surface waves, which travel along a free surface, as well as waves which
travel along internal material discontinuities.

Finite difference approximations of the elastodynamic equations in second order formulation have been
around for a long time [1]. Early methods, based on explicit centered difference approximations, were
initially very successful but suffered from instability problems when a free surface boundary condition
was imposed, and the ratio between the P- and S-wave velocities,

Cp
Cs

became too large [11] (note that v > 1/2). Tlan [12] proposed a remedy which only applied to materials
with constant properties normal to the boundary, and an implicit boundary update technique was sug-
gested by Vidale and Clayton [23]. However, no generally applicable, stable, explicit discretization was
found for the second order formulation which worked for high values of v. Due to the instability problems,
alternative formulations were explored where the elastic wave equation was rewritten as a larger first order
system for the three velocity and six stress components, and discretized on a staggered grid [19]. Most
current finite difference methods for seismic wave propagation are based on the staggered grid technique.
It is however difficult to handle complex geometry (e.g., topography) with these staggered grid methods,
so there has been recent interest in more expensive methods based on unstructured meshes, such as the
spectral element technique described by Komatisch and Tromp [13].

In this paper we revisit the problem of devising an explicit finite difference method for the elastic wave
equation in second order formulation. Building on our recently developed theory for difference methods
for second order hyperbolic systems [16], we develop a technique which is stable for all ratios ¢,/cs.
We focus on the long-wave approximation where topography is neglected and the stress-free boundary
condition is enforced on a flat surface which is aligned with a grid direction. However, our longer term
goal is to extend the embedded boundary technique [17, 15, 14] to the elastic wave equation for handling
general domains. In seismic applications, the material parameters p, u, and A often vary on a length scale
which is significantly smaller than the wave length of the elastic waves. Hence the material parameters can
vary rapidly on the computational grid, and to guarentee stability it is desirable to develop a numerical
method which satisfies an energy estimate. For a hyperbolic system in second order formulation, the key
to an energy estimate is a spatial discretization which is self-adjoint, i.e., corresponds to a symmetric or
symmetrizable matrix. In this paper, we present a discretization which makes the spatial approximation
second order accurate, self-adjoint, and explicit. The self-adjoint property also implies that the method
is conservative.

In Section 1.1 we introduce the basic ideas behind our spatial discretization by studying the scalar
wave equation with a cross term in two space dimensions. The discretization technique is generalized
to the elastic wave equation in Section 2, where we present a theory proving that the method is second
order accurate and stable for all values of ¢,/c,. The stability and accuracy of the new method are also
illustrated with computational experiments. Seismic events (for example, earthquakes) are often modeled
using singular source terms applied at points, along lines, or over surfaces in the three-dimensional domain.
In Section 3 we device a technique to place sources independently of the grid while retaining second order
accuracy away from the source. We also study how the temporal smoothness of a point source effects
the spatial smoothness of the solution. In Section 4 we first study how the phase velocity of surface
waves depends on the number of grid points per wave length. Thereafter, we solve a benchmark problem
for a simplified earthquake where the sources are distributed along a plane. Some comments on our
implementation of non-reflecting boundary conditions for truncating unbounded domains are also given.



1.1 A model problem

We introduce our discretization technique on the half-plane problem for the scalar wave equation with a
cross term in 2-D,

0%u

W:V-F, >0, 0<y<2m t>0, (3)
Uy + QUy
Uy + AUy 7

with 27-periodic solutions in the y-direction, subject to the boundary condition
Fon=u,+ou,=0, =0 0<y<2m ¢t>0, when n=(1,0)T. (4)
Here « is a real constant. Similar to the elastic wave equation, the problem (3)-(4) conserves an energy:
Joael2 + ot 2 + [y 12 + 20, ) = const..
where (u,v) is the Lg scalar product and ||ul|? = (u,u). We have
a2 + g 12 + 20t y) > (1= fal) (a2 + 1y P) > 0, Ja] < 1.

Hence the conserved quantity is a norm, and the problem (3)-(4) is well-posed, when |a| < 1. Conversely,
it can be shown that the problem becomes ill-posed for |a| > 1.

We introduce a grid with points z; = (i — 1)h, y; = (j —1)h, : =0,1,2,..., j = 1,2,..., N, where
h =2n/(N, —1) is the grid size. We denote a two-dimensional grid function by u; ;(t) = u(x;, y;,t). The
time dependence will be suppressed when the meaning is obvious. We use the usual definitions of divided
difference operators,

(D% + D7),

N | =

1
xr P— . PR .. x .. = x . . x —
Div;; = E(UHLJ vij), DZvi;=DYvi1; D=

and corresponding expressions in the y-direction.
A second order accurate centered spatial discretization of (3) is given by

dQUi’j
dt?

There are several ways to discretize the boundary condition (4) to second order accuracy. As we shall
see, a good choice is

= (D" D% + DYDY +2aD5D¥) u;j, i>1, 1<j<N,—1 (5)

Ug,j + Uo,j
2

After Fourier-transforming in the y-direction (with dual variable w), using the boundary condition (6) to
eliminate the ghost point values at i = 0, and introducing the vector notation @ = (4,2, ...)7, we can
write the Fourier-transformed semi-discrete problem in matrix form

d*a

h2W = (A+ B)u, (7)

Dgul,j +04Dg( ) :0, 1S]§Ny—1 (6)

where
— (24 4sin® <) 2 0 2
A= 1 —(2+4sin®<2) 1 , B=aasin(wh)| -1 0 1 ,



and ¢+ = /—1. We can symmetrize (7) by the diagonal scaling

1/vV2 0

2/\ ~ ~
S = 0 1 0 Cowesa v

— = (A+B)w, A+B=S(A+B)S™!,

where A + B is self-adjoint. As we shall see in Section 2, the semi-discrete problem is stable if A+ B also
is negative definite. Furthermore, when A+ Bis self-adjoint, it is straight forward to discretize time such
that the fully discrete problem becomes stable and conserves a discrete energy which is a second order
accurate approximation of the conserved energy in the continuous case.

Note that it is not necessary to solve a linear system to update the ghost points. Instead of (6) we
can change the boundary condition to be

Dgulj + ozDgulj == 0, 1 S] S Ny - 1, (8)

if we also modify the difference approximation on the boundary by taking the cross-term one-sided in the
direction normal to the boundary,

dQULj
dt?

= (D*D% + DYDY +2aD5Df)urj, 1<j<N,—1. (9)

After Fourier transforming (9) in the y-direction and eliminating the ghost point by use of (8), we obtain
the same matrix representation as before, showing that the two formulations are equivalent.

2 The elastic wave equation

In Cartesian component form, the system (1) is

) o o
-9 9 9 (2)
pure = 7 (21 + Nz + Avy + Awz) + By (g + puy) + 2= (pus + pwz) + f1, (10)
d o 0
poie = o (o + puy) o+ 5 (2t Moy + Mtg + M) o+ 5 (s + pwy) + f, (11)
) o o
P = o (puz + pawg) + 7y (mv, + pawy) + g (2 + Nw, + Mg + Mvy) + f&. (12)

In this paper, we consider box-shaped domains: 0 <z < a, 0 <y < b, 0 < z < ¢ and impose a normal
stress boundary condition at z = 0. In component form, the boundary condition (2) is

Pz + pwy = g(ac), (13)
;weruwy:g(y), 2=0,0<z<a, 0<y<b, t>0, (14)
(20 4+ Nw, + Mg + Ao, = g, (15)

For the purpose of discussing the stability properties of our method, we impose homogeneous Dirichlet
conditions at z = ¢,
u(z,y,c,t) =0, 0<zx<a, 0<y<b t>0, (16)

and periodic boundary conditions in the z- and y-directions. Note that the stability results can be
extended to the case of Dirichlet conditions in the z- and y-directions.

To simplify our notation, we assume zero volume and boundary forcings (f = 0 and g = 0) throughout
sections 2.1-2.3.



2.1 Spatial discretization

The conclusion from the model problem in Section 1.1 is that a stable second order accurate discretization
of (3)-(4) can be obtained by discretizing the differential equation with centered differences, except for the
cross-terms on the boundary which should be taken one-sided in the direction normal to the boundary.
The resulting approximation will be second order accurate and the ghost points can be updated explicitly
if the tangential derivatives in the boundary conditions are discretized by centered differences along the
boundary. We shall use these principles to define the difference scheme for the three-dimensional elastic
wave equation and proceed by verifying that the resulting approximation is stable and second order
accurate. The underlying ideas are the same as for the model problem, even though the algebra gets
more complicated.

We define a three-dimensional grid with points x; = (i—1)h, y; = (j —1)h, 2z = (k—1)h, 0 < i < Ny,
0<j <Ny 0<k <N, where h > 0 is the grid size and zn, = a, yn, = b, and 2y, = c¢. Time
is discretized with step size d; > 0 on a grid ¢, = nd;, n = 0,1,..., and we denote a grid function by
ui g = w(xi, Yj, 2k, tn). The superscript for time will be surpressed when the meaning is obvious. Apart
from the difference operators already defined, we also introduce

Divija, k=1,

bvgvi,j,k =
Divijr, k=2,
and the averaging operators
EY o (YVigk) = Yig1/2,4.k ¢ ’Wﬂ%‘k%;k’
BY 1, (Yij k) = Yig1/2.k = W
Ef/z(%‘,j,k) Vigk+1/2 ¢ w

We form the spatially discrete equations at the grid points 1 <¢ < N, —1,1 <7< N,—1,1 <k <N, -1,

oIt = D7 (B (2 NDTu) + DY (B (0 D) + D= (B () D)

+ Dg (AD§v -+ ADgw) + DY (uDgv) + Dg (nDfw) = L (u, v,w) a7
p% =D* ( 12k )Dﬁv) + DY (Ef/2(2u+ A)Div) + D* ( ¢ (1) D2 v)
+ Dg (nDgu) + Dj (ADgu + ADgw) + D (uD¥w) =: L) (u, v, w), (18)
d?w
=z = D7 (Efp(wDw) + DY (BY,(n)DYw) + D (Efp(2u+ N Diw)
+ Dg (,uDgu) +Dg (uﬁ%v) + Dz (ADEu+ AD¥v) =: L™ (u, v, w), (19)

where grid point indices have been suppressed to improve readability. The free surface boundary condi-
tions (13)-(15) are discretized by

1
2 (/'1’7,] 3/2D+Uz 7,1 + Mg, 1/2D+uz] O) + Js 1D0wz j,1 = 0 (20)
1
3 (Higa/2D3vi g1 + i g2 D3 vig0) + w1 Dgwiji =0, (21)
1 T
3 (21 +Nija2Diwig + 2+ N)ija2D3wig0) + X (Dgui g + Dgviga) =0, (22)



for 1<i<N,—1,1<j<N,—1. The Dirichlet boundary condition (16) is discretized by
w N, =0, 1<i<N,, 1<75<N,. (23)
The discrete counterpart of the periodic boundary conditions are
un, k= Wljk, W0k =UN,—1,;jks (24)
WN, k=W W0k =WiN,—1k (25)

for1<i<N,, 1<j<N,, 1<k<N..

n (17)-(19), z-derivatives in the cross terms are made one sided at the grid line k¥ = 1. Neverthe-
less, the semi-discrete approximation is a second order accurate approximation as demonstrated in the
following theorem.

Theorem 1 The semi-discrete scheme (17)-(19) subject to the boundary conditions (20)-(25) is a second
order accurate approzimation of the continuous equation (10)-(12) subject to the boundary conditions

(13)-(16).

Proof: See Appendix A. []

We will show that the above scheme satisfies an energy estimate. The energy estimate relies on the
spatial discretization being self-adjoint and negative definite (elliptic). These properties are stated in
three lemmas below. The main stability estimate is stated after the lemmas.

The diagonal scaling S which was used to symmetrize the spatial discretization for the model problem
in Section 1.1 is related to a weighted scalar product for the unscaled problem. For the three-dimensional
elastic wave equation, the appropriate scalar product and norm are

Ny—1Ny—1 N,—1

wvh—hQZ Z( w”111”1+hzwukv”k> v||2 = (v,v)4.
i=1 gj=1 k=2

The self-adjoint property is expressed in

Lemma 1 For all real-valued grid functions (u®,v°,w®), (ul,vl,w') which satisfy the discrete boundary
conditions (20)-(25), the spatial operator (L"), L(“) L L)Y s self adjoint, i.e.,

(uO,L(“)(ul,vl,wl))h + (UO,L(”)(ul,vl,wl))h + (wO,L(w)(ul,vl,wl))h =

(u17L(u) (U07’U0,’w0))h + (Ul,L(U)(UO,UO,wO))h + (wl,L(w)(u07v07wO))h- (26)

Proof: See Appendix B. []
From the self-adjoint property it follows that there exists a conserved quantity:

Lemma 2 All real-valued solutions (u,v,w) of the semi-discrete scheme (17)-(19) subject to the boundary
conditions (20)-(25), satisfy

le/zut”i_"le/QUt”i_‘_ Hp1/2UJt||i—(U, L(U) (U, v, w))h_(v7 L(v)(u7 v, w))h_ (w7 L(w) (u’ v, w))h = C’ (27)

where C' is a constant which depends on the initial data.



Proof: Lemma 1 gives

N
&|g~

= (1012l + o 2urlE + 110" 2w ) =
(g, L™ (w, v, ) + (01, LY (u,0,w))n + (wy, L (w,0, ) =

1
5 <(ut’ L(U) (u7 v, w))h + (Utv L(U) (u7 v, w))h + (wtv L(w) (u, v, w))h)

+ ((uvL(u) (Uxt,'Ut,Ult))h + (Ua L(v)(utvvtawt))h + ('LU, L(w) (Ut,’Ut,U)t))h) =
1d
2dt

Integrating the above relation in time starting at ¢ = 0 gives (27) and shows that the constant C' depends
on the initial data. [

N | =

((u,L(“) (u,v,w))p + (U,L(”) (u,v,w))p + (w,L(w)(u, v, w))h) .

To prove that the semi-discrete scheme is stable we need to show that the conserved quantity in (27) is
a norm, i.e., we need to show that the spatial operator is negative definite. In particular, we need to show

that the sum of the mixed terms in (u, L"), (v, L"), and (w, L(")),, (such as (Dgw,,ubvgu)h), is

dominated by the sum of the strictly positive terms (such as (Dﬁw, Ef/Q(u)Din . when g > 0). This is

straight forward in the corresponding continuous case and leads to the well known formula for the elastic
energy. What makes the discrete case more challenging is that all derivatives in the strictly positive terms
are discretized by operators such as D% D, while they are discretized by centered differences (such as
D DY) in all mixed terms. We have

Lemma 3 For all real valued grid functions (u,v,w) which satisfy the boundary conditions (20)-(25),
we have

(u7 L(u) (u7v7w))h + (Uv L(v) (um,w))h + (w7 L(w) (uﬂvaw))h - 2”( 1/2( ))UQD?;FU’HI%
= 2| (BY ()2 DY 0|y — 2[[(EF o (u) " DZwli — |NV2(D§u + Do + Dgw)|li

T Y ~ T h2
— |l *(D§u+ DEo)|; = ll#*(Dgo + Dgw)|7; = I1/*(Dgu + Dgw) |5 — —B-B. (28)

The operator (L(”),L(“), L(“’)) is negative definite when p > 0 and XA > 0. It is semi-definite when p =0
and A > 0. The remainder term R and the boundary term B are both positive. They are given by
R = |AY2D%D* ul}} + |4/ DYDY ul}3 + |1/ D7 D%
! 2DEDT o]} + [N2DLDY ol + 12D D ol
+ (12D D wl}} + /2D DY wlf} + [NV/2Di D wl,. (29)

and

2

Y

N Fij,N. .
B = hz ( = wii N1t ”2 =(uf j .1 0l N 1) F h2Mi,j,3/2(D+wi,j,1)2). (30)
1

x

Jj=11

-
Il

Note: The reduced scalar product (u,v)s, is similar to the standard scalar product, except that it
starts the summation from k = 2,

N,—1 -
(w,0)pr = 1> > Z Z wijkVigks vl = (0,0)h
=1 :



Proof: The identity (28) is derived in Appendix C. All terms on the right hand side of (28) are
non-positive when the functions p and A are non-negative. Therefore the operator is at least negative
semi-definite. Negative definiteness is proved by showing that

(w, L™ (u, v, w)), + (v, LY (u, v, w))n + (w, L (u, v, w)) = 0 (31)

implies u; jx = 0, v; j,r = 0, and w; ;1 = 0 at all grid points.

Assume that p; j > 0 and A; j > 0 for all 4, j, k, and that (31) holds. The right hand side of (28) is
a sum of non-positive terms. Therefore, each term must be zero to make the sum zero. Hence the third
scalar product term on the right hand side of (28) gives that

Diw;jr=0, 1<i<N,—1 1<j<N,—-1, 1<k<N,—-1
Together with the boundary condition w; ; n, = 0, this gives
0= wijN. = WijN.-1= ... = Wij1

Thus w; jr = 0 everywhere, except possibly at & = 0. Next we show that u; ;. = 0 for all ¢, j, k except
possibly for k = 0. The seventh scalar product term on the right hand side of (28) gives

Diuijr+Diwi =0, 1<i<Ny,—1, 1<j<N,—1, 1<k<N,—1. (32)
Because w; j , = 0, (32) gives

Ui j,N, = Ui j,N,—2 = Ui jN,—4 = - .. (33)
Wi, N.—1 = Wi jN.—3 = Ui jNo—5 = - - - - (34)

The boundary term B contains uf ; n_; which therefore must be zero. Hence, (33) and (34) together
with the boundary condition u; ; n, = 0, give

0=1uijN, =UjN.—1= .. =Uij.

We have shown that wu; ; = 0 for all 4, j, k except possibly for & = 0. The property v; j 1 = 0, except
possibly for k = 0, follows in exactly the same way as for u; ; by studying the sixth term on the right
hand side of (28). The possibilities u; ;o # 0, v;j0 # 0, or w; jo # 0 remain. However, when (u,v,w)
is zero for 1 < k < N, the boundary conditions (20)—(22) give that wu; ;o = v; jo0 = w; ;0 = 0. We have
now proved that the operator (L(“), L), L(“’)) is negative definite when p and A are positive functions.

If 4 = 0 and A > 0, the operator has a non-trivial null-space. Take for example u;;r = fjx,
Vijk = Gik, and w;jr = 0 with f;x, gs 1 satisfying f; v, = ¢;, v, = 0 and periodic in the j- and ¢-
directions respectively, but otherwise arbitrary. Because p = 0, these functions satisfy the free surface
boundary conditions (20)—(22). It is an easy exercise to show that these functions make (28) equal to
zero when o = 0 everywhere. Hence the operator (L"), L") L(*)) is negative semi-definite when p = 0
and A > 0. [ ]

The findings in Lemmas 1-3 are summarized in the following main theorem, showing that the semi-discrete
problem is well-posed.

Theorem 2 The solution of the semi-discrete scheme (17)-(19) subject to the boundary conditions (20)-
(25) satisfies

||p1/2“t||}21 + le/zthsz + le/thHIQL - (ua A (u7 v, w))h - (U’ L™ (ua U, w))’"b - (w7 L(w) (u’ U, w)>h =C,
where C' is a constant that depends on the initial data. The quantity
—(u,L(“) (u,v,w))p — (v,L(”)(u,v,w))h — (w,L(w) (u,v,w))p

is positive definite when p > 0 and A > 0, and is therefore a norm.



2.2  Fully discrete equations
Following the theory in [16], we discretize (17)-(19) in time according to

unJrl — 2" + unfl
p 62
t

n+1l _ 2™ n—1
p <’U (;}2 +v ) _ L(’U)(UTLV,UTI’wn)’
t

w”+1 — 2uw™ + wn—l
p 52
t

> _ L(u) (un7vn’wn)’

) = LW (u, o™, w").

To simplify the notation, we introduce the weighted p-norm

N,—1N,—1 h N,—1
(w,v), =h* > > <2pi,j,1wi,j,1vi,j,1 +h Y pi,j,kwi,j,kvi,j,k> s ll2 = (v,0),
=1 j=1 k=2

Trivial calculations give
(w”o_lv)p = (w,v), .

To show that the fully discrete scheme is energy conserving, we consider the quantity

Coltnsn) = [P |+ D% | D (e o £ o))

_ (Un+1’p—1L(v)(un7vn)wn))p _ (wn+1,p—1L(w)(un77jn7wn))
=[P4 + 1D " [ + [ DL w1

~ (@, DY DL), — (0", DD~ (w T, DL D),

p

We have the following energy conservation result for the difference scheme.

Theorem 3 The solution computed by the difference scheme (35)-(37) together with the boundary con-

ditions (20)-(25) satsifies
Ce(tn+1) = Ce(tn)7

i.e., Ce(ty) is a conserved quantity for the fully discrete scheme.

Proof: Expanding the square in the term ||Dj_u”\|f, (and similarly for v and w) gives the identity,

5 Cltmg) = a3 4 "} — (), 20" 4 6707 L (", "))+
o o 7 = (o 20" 077 L @ v wt))
w12 + [Jw™ |3 — (w"“, 2w™ + 62p L) (u o™, w"))p
We have,
" T = 20 4 62T LW (w0 w™),

(40)



and corresponding expressions for v and w. Hence,

07 Colbsn) = I 2+ a2 = () o2 4 72—

(Un+17vn+1 + ,Un—l)p + ”wn-&-lH’Q) + ”wnH’Q) _ (wn—&-l,wn-&-l + wn—l)p

= 2 + a2 = (w7 20"+ 02T L o w)) +

P
o™} 4+ o 03 = (0 20" 07 L w0 w™))
o 5+ ™ = (w7 20" 4 67p L w0 ™))
The relation (38) gives
(u"‘l, 6fp_1L(“) (u", ", w"))p = (un_l, (5t2L(“) (u",v”,w"))h,
so Lemma 1 yields
(u"_l,(5,52,0_1L(")(u",v"7w”))p + (v”_l, 82p~ L™ (um, v, w"))p +
(w"_l,éfp_lL(“’)(u",v”,w”)) =
(un7 5t2p—1L(u) (un—17vn—1’ wn—l)) n (U”,(Sfp_lL(”p)(u"_17v"_l,w”_l)) +
p P

(wn7 63p—1L(w)(un—17 ,Un—l’ wn—l)) ) (41)
P

We conclude that
Ce (thrl ) = Ce (tn) 5

ie., Ce(ty) is a conserved quantity for the fully discrete scheme. [ ]

To obtain an energy estimate we need to show that C, > 0. This was done in [16] for approximations
of the scalar wave equation. We here perform a similar analysis for the scheme (35)—(37). To make the
presentation more compact, we introduce the vector notation

(un—‘,-l7 L(un))h — (un—',-l7 L(u) (un’ Un7 wn))}l_i_(vn—&-l’ L(U)(un7 U”, ,wn))h_,'_(,wn+17 L(w) (un7 vn) wn))h. (42)
As we shall see below, it is natural to study the scaled eigenvalue problem
pIL(w) = Cw, (43)

where w satisfies the boundary conditions (20)—(25). We know from Lemma 1 that L is self-adjoint with
respect to (-,)5. Therefore, p~'L is self-adjoint with respect to (-,-), because

(V,p_lL(W))p = (V7L(W))h = (L(V)7W)h = (p_lL(V)7W)P'

Hence, the eigenvalues of (43) are real and Lemma 3 implies that they are negative, i.e.,

—max [ |[ W[5 < (w, p7 L(w)), < —min |Gy w3 (44)

We have the following stability result.

10



Theorem 4 If the eigenvalues C, of (43) satisfy the CFL-condition
2

J
Zt max [(m| < 1, (45)
then the conserved quantity Ce(t,y1) 18 a norm which is bounded by

minm |Cm maXm |<m

| n n n | n n
Ll w2 < Ct ) < DG w2+ B 2 (46)
If the time-step satisfies the (slightly) stricter condition
52
% (x| G|+ min |G < 1, (47)
the solution satisfies the energy estimate
2
n+12 ni|2 < 70@ tn). 48
||11 Hp + ||u || = min,, |Cm| ( 0) ( )

Proof: Using the vector notation (42), we can write the conserved quantity (39) as

n 2 n n
Cel(tns1) = ||Dﬁ_u ||p - (u +1,L(u ))h
Because the operator L is self-adjoint (Lemma 1),
1 1
("L L"), = §(U”+1,L(U"))h + 5 (0" L"),

Furthermore,
(un+1 + un7L(un+1 + un))h _ (un+1 _ un7L(un+1 _ un))h — 2(un7 L(un—i-l))h + 2(u"+17 L(un»h,

and (w,L(w));, = (w,p~'L(w)),. Hence,

62C(tpy1) = |[u" Tt —u ||,23_Zt(u Hiu" p ' L(u" +u ))p—I—Zt(u Hou" pT Lt —u™)),. (49)

The eigenvalue bound (44) gives

52 52 : n n
RCultnen) = (1= % maxlal ) o = a2+ % min g [+ w2 (50)
2 61% 1 2 5t2 1 2
0;Ce(tnt1) < <1 — H}}zn |Cm|> [t — u” |5 + -, nax |G| [[0™ T+ u”|?. (51)

Therefore, C, > ming, |y [[[u™*! +u”||2/4 when
52
1— Ztmax|g“m| >0,

i.e., when the CFL-condition (45) is satisfied. The estimate (51) gives the upper bound in (46).
To show (48), we use the estimate

R+ [ = 1™ =) 4 (@™ a4 (" = a4 (4 ut T

1 1
< §||un+l _ un”g + 5||un—0-l + un”/Q)

If the condition (47) is satisfied, we have 1 — 62 max,, |(n|/4 > 62 min,, |Gn]/4, so (50) gives

~—

. 1 .
Ce(tngr) = 7 min |Gl ([0 —w”[[7 4 [0+ a|[7) > 5 min |Gl (" HIE + [la”][7) -

=

Furthermore, Ce(t,+1) = Ce(to), which proves the energy estimate (48).[ ]
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Figure 1: Magnitude of the two dimensional discrete Fourier transform of w at t = 1.78, along the
z = 0 (stress free) surface calculated with a time step allowed by the von Neumann analysis, which
underestimates the largest eigenvalue of the spatial operator. In this calculation, p =1, p =1, A = 79,
h = 0.04, 0; = 0.950:,n, and the initial data was given by (69). Note that all energy is concentrated
around the wave numbers w,h ~ wyh ~ 27/3.

2.3 Time step restrictions

In the case of constant p, u, A, and periodic boundary conditions in all three directions, a von Neumann
analysis gives the maximum eigenvalue

A dp+ A A<
h2 p b b

NN o @urn? 52
202 p(p+A)’ =

If ¢, is used to estimate the largest eigenvalue max,, |G|, we get the time step restriction d; < ¢,
where

[ p h
h = , cp < 2cs,
Ap+ A \/Ca + 2¢2
StoN = — (53)
V8h \/p(u+A)  V8h\ DT % .o
Y T a N T o T 5 D = S

3 2u+A 3 cz

Unfortunately, numerical simulations using a time-step smaller but close to the limit (53) become unstable
when a stress free boundary is imposed and the ratio v = ¢, /c; is large, see Figure 1.

To estimate how the free-surface boundary condition modifies the time step restriction, we study the
stability of the discrete half-plane problem with constant values of p, u, A. In this approximation, we
assume a 2m-periodic solution in the z- and y-directions, expand the grid in the z-direction by taking
N, — oo and replace the Dirichlet boundary condition (23) by

khjgo lui; x| = 0. (54)

12



Several stability definitions for difference approximations are possible and we refer to [9] for a discussion.
Here we use a normal-mode approach and define the half-plane problem to be stable if there are no
solutions of the form

oo
n 1(wexitw,

u(zi, yj, 2k, tn) = X"'e Wiy, Y|l < oo, [x| > 1, (55)
k=1

where 1+ = v/—1. For simplicity we assume that N, = Ny is odd. Then, wg,w, = 0,£1,£2,...,£(N, —
1)/2.

Tt is straight forward to perform the stability analysis if we first re-write our scheme (17)-(19) into
an equivalent form, where the one-sided discretization of the cross-derivatives at k = 1 are replaced by
the centered discretization used for k > 2, i.e., replace D¢ by D§ in (17)-(19). We arrive at an equivalent
problem by introducing compensating terms in the boundary conditions, see Appendix A. In the case of
constant coefficients, the compensated stress-free boundary conditions are

. h?

Dfu; j1 + Dg (wm‘,l + (- 1)ZDiDzwi,j,1) =0, (56)
h2

ngi,j,l + Dg (wi,j,l + ( ) 1 Dz D* W; 4.1 ) =0, (57)

2

h D% D% u; 5, )—I—

v2Dw; 1 + D ((V2 —uijq+ (¥ —1)— 1

2

h
DY ((,,2 — i1+ (V7 — 1)ZDiDivi,j71) =0. (58)

After inserting the ansatz (55) into the modified version of (17)-(19), we arrive at the eigenvalue
problem

%ﬁk — %ﬁk = —3 (51n2 g + sin? (b) +DZ D71
—% sin2% —# singsing 4 sinéD§
+(? =) —Lsinesing —Asin?¢  IsingDi |k, (59)
L sinEDj LsngD;  DiD*

where § = w;h and ¢ = wyh satisfy —m < & < 7, -7 < ¢ < 7. Inserting the ansatz (55) into the
boundary conditions (56)-(58) gives

h2
25 [ ~ 2 h2 Z NZ 5
D§oy + 7 sing | w + (v* — 1)ID+D_U)1 =0, (61)

h2
v Diy + %sing ((u2 —2)dy + (V? — 1)ZD1DZQ1>

h2
+% sin ¢ <(V2 —2)o1 + (1 — 1)ZD1DZ@1> =0. (62)
The eigenvalue problem (59) can be solved using the ansatz
w, = Uk, where |s| < 1. (63)

13



Lemma 1 is straight forward to generalize to the half-plane problem, so the spatial operator is self-
adjoint, and the generalization of Lemma 3 shows that the spatial operator is negative semi-definite. All
eigenvalues (p;, are therefore real and non-positive.

Next we study the relation between (), and x in (59). The roots of the quadratic equation x2—-(2-
|Chpld2)x + 1 = 0 are given by

62 62
Xi2=1- |Ch127| t o4 \/Z7 A= —|Chp|5t2 (1 _ |Chi| t ) '
If A <0, the roots are complex conjugates. Since the product of the roots equals one, both roots satisfy
Ix1,2] =1. If A =0, x12 = —1 is a double root. Finally, if A > 0, both roots are real. One root will
have magnitude greater than one and one less than one. Hence, the condition |x| > 1 in the normal mode
ansatz (55) is equivalent to A > 0. Conversely, there are no solutions of the form (55) if all eigenvalues
Chp satisty

& . o2
—|Cnplo? <1 - %) <0, ie., Zt|ghp| <1

Hence the normal mode stability definition leads to the same type of time step restriction as in the energy
method (Theorem 4), and we can use the most negative eigenvalue (p, to approximate the eigenvalue in
(45). This approximation will lead to a more restrictive time step limitation than in the von Neumann
analysis if there are any eigenvalues (3, such that

|Chp| > |Con]-

Inserting (63) into (59) gives

—4(v? sin? % + sin? %)4—

IR —(¥* = 1)sin&sing (v — 1)usin€(k — k1)

—4(sin2 % + 12 sin? %)—5—

—(¥? —1)sin¢sin ¢ (1?2 —1psing(k —k~1) [U=0, (64)

k—2+Kk1—(

—4(sin? § + sin? £)+
(V2 —1)siné(k — k1) (V2 —1)ising(k — k1) ( 2 2)

Vi(k—24+ k1) =

where ¢ = (pph?/c2. Multiply (64) by & and let
P(C, k&, ¢,v) =0, (65)

be the corresponding characteristic equation. Here, P is a cubic polynomial in ¢ and a polynomial of
degree six in k. For fixed v, £, and ¢ there are six roots k for each (. The following Lemma is a standard
result, see e.g., [10], which we here formulate for our discretization of the elastic wave equation.

Lemma 4 The characteristic equation P = 0 has siz roots k;. For ( < —|§UN| = —|Cun|h? /2, three of
these roots have |k| < 1 and three have |k| > 1.

Proof: A polynomial of degree six has six roots (counting multiplicity). If any & is such that || = 1,
then k = €@ for some real «, and (65) becomes identical to the relation obtained in the von Neumann
analysis of the fully periodic problem. We know that there are no eigenvalues with magnitude greater
than |§v ~| in this case. Therefore there can be no k on the unit circle when E < f|§v ~|- Secondly, take
¢ =& = 0. It is not hard to see that the characteristic equation P = 0 becomes

[/{2—(2+(~)/<;+1] [H27(2+C~)I€+1} /<;2—(2+%)/£+1 =0.

14



Therefore the six roots k satisfy the pairwise relations k14 = 1, kaks = 1, and k3kg = 1. Since no root
can be on the unit circle when ¢ < —|C~U ~|, there must be three roots inside the unit circle, and three
roots outside of it. Furthermore, the roots k are smooth functions of ¢, &, v, and 5 . Because they can
not move across the unit circle when 5 < —|5U ~|, the roots are always divided into these two groups for
all values of ¢, £, v, and for any ¢ such that ¢ < —|Cyn|. [

It follows from Lemma 4 that the general solution of (59) subject to the boundary condition (54) is

u; = ClUllflf + CQUQHS + CgUgI{Ig, |I<El| < 1, = 1,2,3. (66)

where U, are the eigenvectors corresponding to x;, [ = 1,2, 3 respectively. For each C~ < —|C~U N, Uy is
the null-vector of the linear system (64) when the root x; is substituted for «.

Inserting the general solution (66) into the stress-free boundary conditions (60)—(62) leads to a ho-
mogeneous linear system for the coefficients C;, Cy and Cs:

Ch
Al ¢, | =0, (67)
Cs

where A = A(C~ ,€,¢,v) is a three by three matrix. There are non-trivial solutions of (67) if and only if
det A = 0. If (67) has a non-trivial solution (Cy, Cy, C3)T for some ¢, then the corresponding Chp 1s an
eigenvalue of (59).

Since the algebra involved in forming det A is rather complicated, we have resolved to calculating
the roots of det A = 0 numerically. The determinant depends on four parameters, where v = ¢, /¢, is a
material constant and the angles &, ¢ satisfy —m < £, ¢ < w. For each fixed v, we need to find the angles
&, ¢ that give the most negative solution 5 of det A = 0. A straight forward approach is to discretize &,
¢ on a fine mesh:

27
gp:_ﬂ-—i_pﬁg) p:051727"'7N57

2
gi)q:—ﬂ'—!—ql, g=0,1,2,..., Ng.
Ng

At each mesh point det A is a complex-valued function of the real variable 5 and we only need to consider
5 < —|§v ~|, since only such eigenvalues can restrict the time step beyond the von Neumann limit. At
each point (£,,7,), we apply a numerical root finding routine to locate the most negative solution fp,q of
det A = 0. We then use min,, , (,, as an approximation of the most negative solution ¢ corresponding to
v. The fundamental operation when applying a numerical root finding routine is to evaluate det A at a
given value of 5 , which can be broken down into the following steps:

1. Solve the characteristic equation (65) for . Select the three roots with |r;| < 1;
2. Find the three eigenvectors U; by solving (64) for each k;, { = 1,2,3.;

3. Form the matrix A by inserting (66) into (60)—(62);

4. Compute the determinant of A.

Using the numerical root finding procedure outlined above, we calculated the ratio between the largest
stable time step for the half-plane problem with a stress free boundary, and the largest stable time step for
the fully periodic case, see Figure 2. The numerical root finding procedure located the largest eigenvalue
|Chp| at @ = & = 2m/3. Hence, the spatial frequencies wyh = wyh = 27 /3 should grow the fastest if the
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Figure 2: Ratio between the maximum stable time step for the half-plane problem with a free surface,
and that of the fully periodic problem. The line with boxes corresponds to the three-dimensional problem
and the two-dimensional case is shown with a solid line.

time-step exceeds the stability limit and v is large. This prediction was confirmed by spatially Fourier
transforming an unstable numerical solution, see Figure 1.

For large v, the solutions of det A = 0 corresponding to the largest |f | were numerically found to
occur when k4 is real with —1 < k1 < 0 and ko = K3 with —1 < Re(kz,3) < 0. Thus, the eigenfunction
corresponding to the largest eigenvalue oscillates in the z-direction with two different frequencies; the
fastest frequency on the mesh: |1 |*(—1)* and more slowly: |x2|*(exp(Z2arg x2))*, where arg(rq) ~ 27/3
for large v. This boundary layer behavior has been observed in numerical solutions when the time step
exceeds the stability limit.

Note that the limitations imposed on the time step by the stress free boundary are very moderate
even for extreme v values (most solid materials occuring in nature have ¢,/cs < 3). As v gets large,
the largest stable time step for the half-plane problem tends to a factor exceeding 0.91 of that for the
fully periodic problem. Our practical experience with the time-stepping algorithm on bounded domains
with variable coefficients and a free surface boundary condition on one side indicates that it is stable
when the half-plane problem with constant coefficients is stable, using the smallest time step obtained
by evaluating ¢, and ¢, at all grid points. Hence, we can handle all values of ¢,/cs by reducing the time
step by less than 9% compared to the von Neumann value. This makes our method practically useful for
all isotropic materials.

The additional time-step restriction due to the free-surface boundary condition indicates that there
are numerical surface waves which travel faster than any volume waves on the grid. In the continuous
problem, Rayleigh (surface) waves always have a phase velocity bounded by c¢s. Hence, it is likely that
the numerical phase velocity for Rayleigh waves will depend on the grid resolution in terms of the number
of grid points per wave length. Numerical experiments along these lines are presented in Section 4.1.

We also analyzed the two-dimensional version of the scheme by assuming that the solution does not
depend on y. Here a von Neumann analysis of the doubly periodic case (p, p, and X constant) gives a
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time step restriction
h h
5 < VP _ . (68)
V3p+A \/cg + 2

The stability restriction on the time step with the free surface boundary condition can be obtained using
the above root finding procedure with ¢ = 0. The results are given in Figure 2 together with the three-
dimensional case. When v becomes large, the largest stable time step for the half-plane problem tends to
a factor exceeding 0.94 of that for the fully periodic case (i.e., 6% smaller). As in the three-dimensional
problem, the largest eigenvalue occurs for the spatial frequency w,h = 27/3.

2.4 Numerical tests of the scheme

In order to test the implementation of our method we first ran a number of computations without forcing
with decreasing grid size h to evaluate the discrete energy C. as function of time. We took u = 0.16,
A =049, p =1, and started the computations with the initial data in spherical coordinates:

r

Uo(r) = V (P“’(’")> L UL = —¢,V (Pl/‘;(”)) = T =15+ =152, (69)

where Pio(§) is the four times continously differentiable function

0, f <=0,
Pio(§) = 1024€° (1 — 5€ +10£% — 103 +5¢* — £°), 0< &< 1, (70)
0, §>1.

(We note in passing that u(r,t) = V(Pio(r — ¢pt)/r) is an analytic solution of the free space problem.)
We impose a stress-free boundary condition at z = 0 and enforce zero displacement conditions on all
other boundaries. The size of the computational domain was a = 4, b = 3, and ¢ = 3. Since there is
no forcing, the discrete energy C.(t,,) should remain constant. The energy in the continuous problem is
often decomposed into its kinematic and potential components,

E(t) = K(t) + U(t),

K() =5 [ pla +0f + wf) ds.
Q
1
U(t) = 3 /Q Mg + vy +w,)? + 2u(u2 + UZ +w2) + 1 ((uy +v2) + (we +ws)? + (02 + wy)?) do

In the absence of forcing, F(t) = const. By dividing (49) by §7 it is straight forward to see that
Ce(tnt1) = 2E(tny1/2) + O(R?).

Hence, the discrete energy C, should not only be conserved in time, but its value should also converge
to 2E(t) as the grid is refined. Both these properties are confirmed by our calculations, see Figure 3.
As a second test of our implementation, we check the order of accuracy of the scheme using the method
of analytical solutions (also known as twilight-zone forcing [3]). The idea is to construct forcing functions
f and g so that the solution of the test problem becomes a known function u*"¢(x,¢). We then solve the
test problem using our implementation of the method and compared our numerical results to the known
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Figure 3: Time evolution of the relative error in the discrete energy (C.(t) — 2E(t))/2E(t) for different
grid sizes. The discrete energy is conserved to within round off errors for all cases. As can be seen

the discrete energy converges towards the continuous value at the expected O(h?) rate. Here, h =
0.04 (%), 0.02(-), 0.01 (=), 0.005 (—-)

solution on a succession of finer grids in order to check the convergence properties. Our constructed
solution was

u™e(x,t) = sin(w(z — ct)) sin(wy) sin(wz),
v (x, 1) = sin(wx) sin(w(y — ct)) sin(wz),
w'™(x,t) = sin(wr) sin(wy) sin(w(z — ct)),

where w and ¢ are constants. The material properties were chosen to vary smoothly according to

p(x) = 1+ cos?(rz) cos? (my) cos? (72)

A(x) = 1 + sin?(7z) sin? (y) sin? (72)

p(x) =1.
A normal stress condition was imposed on the z = 0 surface and inhomogeneous Dirichlet conditions were
imposed on all other boundaries. The computational domain had sizes a = 2, b = 2, and ¢ = 2. A number
of calculations with increasingly fine grid spacing were run and the errors were evaluated in the discrete
max-norm. (The discrete max-norm of a vector grid function vy, = (up,vp, wp) is defined as ||vi||oo =
max(max; j i |un|, max; j |vs|, max; j r |ws|). As expected we obtained second order convergence when

both the forcing and the solution are smooth, see Table 1. Non-smooth forcings and solutions will be
discussed in Section 3.

3 Singular source terms

In seismic wave propagation the source term is often applied at a point, along a line, or over a surface
in three-dimensional space. Sources along lines or surfaces are commonly decomposed into a number of
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t=1

h [|[vp, —utte||, | rate
0.04 0.04331
0.02 0.01062 4.079
0.01 0.002654 4.00
0.005 0.0006627 4.00

true

Table 1: Errors in max-norm for decreasing h and smooth analytical solution u"""°. Convergence rate

indicates second order convergence. Here ¢ = 1 and w = 2.

point sources distributed along the corresponding line or surface,

fFx,t) =Y £ (x,t) + > £ (x,1). (71)

Two types of point sources occur in seismic applications. Point forces (f,gF)) are, for example, used to
model internal forcings due to volcanic eruptions or external forcings applied to the free surface,

f7SF) (Xa t) = 0gr (t)Fr(s(X - Xr)v (72)

where §(x) is the Dirac distribution and F, is a constant vector. The second type of point source is

the point moment (or double couple), denoted by £ in (71). Point moments are often used to model
earthquakes and explosions [2], and are of the form

£ (x,t) = g, (t) M, - V(x — x,.), (73)

where V4 (x) is the gradient of the Dirac distribution and 9%, is a constant symmetric tensor.

Each term in (71) is applied at a location (x., y;, 2,-) and it is desirable to make this location indepen-
dent of the grid so that the numerical modeling can be made as accurate as possible and no artifacts are
generated by “stair stepping” the point sources along a smooth line or surface in three-dimensional space.
Due to the singular nature of point sources, we can only expect the numerical solution to converge away
from the location of the sources. Furthermore, we can expect that different numerical techniques are
necessary for handling the two types of sources, since the point force depends on the Dirac distribution
while the point moment depends on its gradient, which is a more singular function.

The analyses of Waldén [24] and Tornberg and Engquist [22] demonstrate that it is possible to de-
rive regularized approximations of the Dirac distribution and its gradient, which result in point wise
convergence of the solution away from the sources. Based on these analyses, we define a hat function,

1 1—|z|/h, x| < h,
Onat(z) = + =1/ = (74)

h 0, elsewhere,

and use Opat (T — ) Ohat (Y — Y )Onat (2 — 2,-) to approximate 0(x) in (72). To approximate the gradient of
a Dirac distribution, we start from the piecewise cubic function

1~ |a/h|/2 = |z/h)* + |z/h*/2, x| <h,
1
Seube(T) = 5\ 1—11z/hl/6+ lz/h? — |z/h|3/6,  h < |z| < 2h, (75)
0, elsewhere.
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We then use

Seube (T = Tr)0hat (¥ — Yr)Ohat (2 — )
Ohat (T = 7 )0¢upe (Y — Yr)Ohat (2 —
Onat (T — ) Ohat (Y — Yr)Oiupe (2 — )

to approximate the Cartesian components of V§(x —x,.) in (73). Note that neither (74) nor (75) need to
be aligned with the grid.

3.1 Spatial regularity

To study the relation between smoothness of the time function g(¢) in the source term, and smoothness
in space of the solution, we analyze the related problem of the scalar wave equation with a singular source
term. In particular, we study the problem on an infinite domain with the forcing term applied at the
point (0,0,0) with homogeneous initial data,

tt = v2p+g(t)6(x)v XeE R37 t 2 07
p(X, 0) =Dt (X7 0) = 07
The Fourier transform of this equation is
d*p 2 2 2 4
Tz = (ks +ky + k) +g(6) 20, (76)
ﬁ(kwakyakzao) :ﬁt(kwakyakzao) 207 (77)

where the Fourier transform is given by

Dlka, ky, k=, t) :///p(:r:,y,z,t)e_i(xk”+yky+2k2)dmdydz.

Equation (76)—(77) is solved by

fo fo "dr' dr, k=0,

Dlks, by, i, t) = { (sm (kt) fo cos(kt)g(T) dr — cos(kt) f sin(k7)g(r )d7'> ) k> 0.

k
where k = | /k2 + k2 + k2. If g(t) is continuously differentiable, we can integrate (78) by parts,

Plkg, by, ko t) = kl2 ( (t) — cos(kt)g(0) — sin(k:t)/o sin(kT)g' (1)dT — cos(k:t)/o cos(kn‘)g’(r)dr) :

By assuming that g(¢) has compact support, i.e., g(t) =0 for t <0 and t > T, we get

Plky, by, kzyt) = % (— sin(kt)/0 sin(k7)g' (1) dT — cos(kt)/0 cos(kt)g' () dT) , t>T.

The Fourier transform decay as 1/k%. We can continue integrating by parts as long as g(t) is sufficiently
differentiable, gaining one order of k for each integration. This shows that the solution p(x, t) has a Fourier
transform that decays as 1/k? for ¢ > T if g(t) has compact support and is ¢ — 1 times differentiable in
time. Furthermore, p is bounded because the singularity at k£ = 0 is removable,

%ir%ﬁ(km,ky,kz,t):/ (t—7)g de// "dr' dr.
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Therefore,

///(1+k2q')|ﬁ|2dkmdkydkz<oo

for ¢ < g — 3/2. By the Sobolev Lemma [8], p can be identified with a function that has m continous
derivatives for m < ¢’ — 3/2 < ¢ — 3. We conclude that for ¢ > T, the solution p(x,t) will have m
continuous derivatives if g is compactly supported and smooth. Here m can be made arbitrarily large by
choosing ¢(t) sufficiently smooth.

If g(t) does not tend to zero for large ¢, the solution will remain singular at the location of the point
source but will be smooth away from it.

3.2 Free space solutions

Let the free space Green’s (dyadic) function for the elastic wave equation in a homogeneous material be
&(x,1), see [2]. Assuming homogeneous initial data, the analytical solution of the elastic wave equation
due to a source function f(x,t) follows as the space and time convolution between the Green’s function
and the source term,

u(x,t)://Qf(x’,t’)~Q5(xfx’,t7t')dx’dt’.
t

In the special case when the source is a point force, the spatial convolution becomes trivial due to the
Dirac distributions in f,EF) and the expression reduces to a time integral over t’. Near the source, the
solution behaves like 1/|x — x,.|. A closed form solution can be obtained when the time-integration can
be performed analytically, for instance when g(t) is a polynomial function.

For a point moment source term fT(M), the analytical solution can be written

¢ t
u(x,t) = /0 /Qgr(t') (M, -Vé(x' —x,)) B(x—x',t —t')dx'dt' = /0 gr(t)M,.: VB(x — x,,t — ") dt’,

where the colon represents the tensor contraction over two indices. Near the point moment, the solution
behaves like 1/|x — x,.|2, so it is more singular than in the point force case.

To investigate how the numerical solution convergences when the source function is singular, we ran
a number of tests with point forces and point moments using the time function g(¢) = Pio(t) defined
in (70). This function has compact support in 0 < ¢ < 1 and is four times continuously differentiable.
We took a computational domain with a = 2, b = 2, ¢ = 2, and used the material parameters p = 1,
A =0.32, p = 0.16. Dirichlet boundary conditions were enforced on all boundaries, but the boundaries
have no influence on the solution until ¢ > 1.25 since ¢, = 0.8 and the point sources were centered
at x, = (1,1,1). The errors were measured at two different times in discrete max-, 2- and 1l-norms.
Since the analytical solution is singular at the point where the source applies, that point was excluded
from the calculation of the norms. (The 2- and l-norms for a vector grid function u are defined as
[l = 7232, 5 k(i gael® + [vi gkl + [wi g ?) and [[ally = 5337, 5 (uijul + i gx] + [wijk]).) First we
evaluated the errors at t = 0.5 when g(t) > 0, see Table 2. As expected we did not achieve second order
convergence because the solution of the continuous problem is singular. Also note that the convergence
rate is slower for the point moment source than in the less singular point force case. In Figure 4, we
show the errors as function of the distance from the singularity. Away from the singularity, the errors are
smooth in space and decay like O(h?) as the grid size tends to zero. However, near the source the errors
do not decay as the grid is refined and this explains the convergence numbers in Table 2.  Secondly,
we evaluated the errors at t = 1.2, when g(¢) = 0, see Table 3. After the source term has vanished the
solution becomes smooth everywhere and our results show the proper second order convergence rate in
accordance with theory.
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point force

h lvi—ulles | llva—ulla | [lvh—ulh
[[vhlleo [[vnll2 [Ivnll1

0.04 | 0.04833 | 0.08293 0.1011
0.02 0.04108 | 0.05174 | 0.03248 | 1.176 | 1.602 | 3.113
0.01 0.03936 | 0.03525 | 0.009970 | 1.043 | 1.467 | 3.257
0.005 | 0.03894 | 0.02470 | 0.002955 | 1.010 | 1.427 | 3.373

rate™ | rate® | rate!

point moment

h [lVi—ulleo | llva—ullz | [lva—ullx
[[vhlleo [[vnll2 [Vl

0.04 0.3051 0.2805 0.2272
0.02 0.3208 0.2760 0.1154 | 0.9509 | 1.016 | 1.969
0.01 0.3253 0.2769 0.05759 | 0.9871 | 0.9967 | 2.003
0.005 0.3264 0.2782 0.02872 | 0.9970 | 0.9953 | 2.005

rate®™ rate? rate!

Table 2: Relative error in the numerical solution of the free space problem at time ¢ = 0.5 (singular
solution) due to a point force (top) and a point moment (bottom), measured in max-, 2- and l-norms.
Here v;, and u denote the numerical and analytical solutions, respectively.
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5
Figure 4: The 2—logarithm of the error along a line going through the source point for a point force (left)
and a point moment source (right), both located at x = 1. Note that the error decays as O(h?) away

from the source, but not near it. Near the source, the error is about 2 ~ 2000 times larger for the point
moment than for the point force. The grid sizes were h = 0.04 (—-), 0.02(-), 0.01 (=), 0.005 ().
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point force
h [Ivih—ulle [lvh—ull> Ivazulli | ate | rate? | ratel
[vhlleo [vnll2 vl
0.04 0.04516 0.03984 0.04122
0.02 0.01180 0.01001 0.01025 3.831 | 3.984 | 4.021
0.01 | 0.003023 | 0.002512 | 0.002560 | 3.907 | 3.988 | 4.004
0.005 | 0.0007592 | 0.0006287 | 0.0006400 | 3.983 | 4.000 | 4.00
point moment
h Ivi—ullos | lve=ullz | lva=ulli | ot | pate? | ratel
[valloo [[Vall2 [lvally
0.04 0.1170 0.1016 0.09981
0.02 0.03400 0.02762 | 0.02681 | 3.440 | 3.678 | 3.724
0.01 | 0.008872 | 0.007109 | 0.006855 | 3.833 | 3.885 | 3.908
0.005 | 0.002244 | 0.001793 | 0.001724 | 3.961 | 3.972 | 3.985

Table 3: Relative error in the numerical solution of the free space problem at time ¢t = 1.2 (smooth
solution) due to a point force (top) and a point moment (bottom), measured in max-, 2- and 1-norms.
Here v}, and u denote the numerical and analytical solutions, respectively.

We remark that in the point moment source case it is important to use the ¢’

cube @Pproximation in
the gradient of the Dirac distribution, as opposed to d},. Otherwise the convergence rate will be slower

than second order in the grid size (example not shown to conserve space).

3.3 Half spaces and Lamb’s problem

Point forcing on the boundary of a half space is referred to as Lamb’s problem [18]. Analytical solutions
for the three-dimensional problem have been presented by a number of authors with different degrees
of applicability. For the case of a point force directed normal to the free surface z = 0, the general
solution can be found in [20] or [6]. To test the accuracy of the numerical solutions, we performed a
grid refinement study on a computational domain with sizes a = 4, b = 4, ¢ = 2, enforcing a free surface
boundary condition along z = 0 and Dirichlet conditions on all other boundaries. We assumed a Poisson
material with p = 1, p = 1, and A\ = 1, i.e., ¢,/cs = V/3, and used the same time function g(t) as in
the free space case. In this experiment, the point force was applied at x, = (2,2,0), so the Dirichlet
boundaries should not effect the solution until ¢ > 1.15. The error in the numerical solution was evaluated
both at ¢ = 0.5, when the solution of the continuous problem is singular, and at ¢ = 1.1 when the solution
is smooth. We only report the error along the free surface, because the analytical solution is difficult to
evaluate in the interior of the domain. As in the free space problem, we observe second order convergence
only when the solution is smooth in space, see Table 4.
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t=0.5

h [lvh—u|| llvh—ull2 | [lvh—ullx

rate™ | rate? | rate!
[[Villoo [[vill2 Ivall

0.04 0.02797 | 0.08631 0.2007
0.02 0.01758 | 0.05312 0.1102 1.591 | 1.625 | 1.821
0.01 0.01547 | 0.04002 | 0.05028 | 1.136 | 1.327 | 2.192
0.005 | 0.01696 | 0.03696 | 0.02305 | 0.9121 | 1.083 | 2.181

t=1.1

h [lvih—ul|e [lvih—ul]2 [lvih—ull1

rate™ | rate? | ratel
[valloo ville valls

0.04 0.2892 0.3081 0.3686
0.02 0.1082 0.1186 0.1408 2.673 | 2.598 | 2.618
0.01 0.03138 0.03496 | 0.04175 | 3.448 | 3.392 | 3.372
0.005 | 0.008189 | 0.009194 | 0.01100 | 3.832 | 3.802 | 3.795

Table 4: Relative error in the numerical solution of Lamb’s problem at ¢ = 0.5 (top) (when the solution
is singular), and at ¢t = 1.1 (bottom) (when the solution is smooth), measured in max-, 2- and 1- norms.
Here v}, and u denote the numerical and analytical solutions, respectively.

4 Applications and extensions of the method

4.1 Surface waves

The elastodynamic equations together with the stress free boundary condition admit solutions in the form
of surface waves, i.e., waves propagating along the surface with amplitude decaying exponentially away
from the surface. For the homogeneous two-dimensional half plane problem in z > 0, these solutions are
commonly referred to as Rayleigh waves and have the form

u(z,z,t) = A (ww - <1 - CQ) ensw) sin(w(e,t — ), (79)

2¢2
2\ /2 2\t
w(x,z,t) = A (1 — C—;) (—e_m’wz + (1 - 2£2> e_"s‘“z> cos(w(ept — ), (80)
§2 S

where

B . C% 1/2 e C% 1/2
7717 - CIQ; 9 775 - Cg .

Here, ¢, is the phase velocity of the wave, which is the real root of the Rayleigh equation

2\ 2 2\ 1/2 2\ 1/2
< —C—2> —4< —C—;) <1—c—;> =0, 0<e <ecs
c2 c2 c2

The waves described by (79)-(80) are non-dispersive, i.e. ¢, is independent of w. However, the dis-
cretization introduce errors that can be interpreted as a numerical dispersion relation where the phase
velocity depends on the resolution on the grid. The numerical dispersion relation for our interior differ-
ence stencil coincides with previous central difference schemes which were analyzed by Cohen [5]. For
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i fer
PPW | v=2 | v=3 |v=5|v=10
40 1.0028 | 1.0065 | 1.017 | 1.055
20 1.011 | 1.022 | 1.052 1.12
10 1.031 1.06 1.11 1.2
1.043 | 1.083 | 1.13 1.5
1.049 | 1.095 | 1.35 1.63
1.07 1.11 1.4 1.72
1.095 1.14 1.65 1.78
3.5 1.16 1.4 2.76 2.9

= ot O o

Table 5: Numerical dispersion relation for the finite difference scheme applied to Rayleigh waves. The
table shows the ratio between the estimated phase velocity in the numerical solution and its continuous
value, for different number of grid points per wave length (PPW) and v.

surface waves, the numerical dispersion relation provides the numerical phase velocity ¢} as a function of
the resolution wh, which often is expressed in terms of the number of grid points per wavelength,
27
PPW = o
Since it is very complicated to analytically derive the numerical dispersion relation for surface waves,
we instead investigate the relation by numerical experiments using a two-dimensional version of our
method. A free surface condition was imposed at z = 0 and periodic boundary conditions were used in
the a-direction. We enforced (79)-(80) as initial data, which only contains a single spatial frequency w.
Hence, the numerical solution should essentially advect the initial data with a modified phase velocity c;.
We determined ¢ by visually inspecting the solution along the surface at time ¢ = 1/¢,, and comparing
the positions of the numerical and analytical solutions, see Table 5. Note that the visual inspection is
not very precise when the solution is poorly resolved on the grid (PPW < 5), so these results should be
interpreted accordingly. Despite this uncertainty, it is clear that the numerical phase velocity increases
rapidly as wh approaches 27/3 and v > 3. It is interesting to note that this value of wh coincides
with the spatial frequency of the fast surface waves which determine the stability limit of the time step,
cf. Section 2.3.

4.2 Non-reflecting boundary conditions

When modeling seismic events such as the simplified earthquake in Section 4.3, it is desirable to truncate
the computational domain without causing significant amounts of artificial reflections. Many different
methods, including absorbing, non-reflecting, and perfectly matching techniques have been proposed in
the literature. Here we will use the first order non-reflecting boundary conditions developed by Clayton
and Engquist [4]. The well-known idea behind these boundary conditions is to impose a differential
equation on the boundary which allows wave propagation only in the outward direction. For boundaries
with z = const., the boundary conditions are

U = E£Cply, V¢ = £CsUg, W = £CWy, (81)
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where the positive signs are taken for the lower boundary x = 0 and the negative signs for the upper
boundary x = a. Similar advection equations are imposed at boundaries with y = const. or z = const.

Away from edges in the computational domain, we have found that the box scheme discretization [4]
of the boundary condition (81) works well. At the edges of the domain, i.e., where two non-reflecting
boundaries meet, Clayton and Engquist suggested applying the non-reflecting boundary condition in a
diagonal direction. However, we have found that imposing compatibility conditions along the edges result
in a more rubust method which also is easier to implement. We examplify the compatibility conditions
on the edge where x = 0 and y = 0. Along the boundary x = 0, we impose (81) (with the positive sign).
The corresponding boundary conditions along y = 0 are

Up = Cglhy, Vi = Cply, Wy = CsWy, Y =0,0<x<a, 0<2<¢ t2>0.
Equating the time derivatives along the edge gives

CplUyg = CslUy,
CSUZ':CP”:U’ y:O7I:O7OSZ§C;t207

CsWy = CsWy.

Similar relations can easily be derived for the other edges.

4.3 A simplified earthquake

The Pacific Earthquake Engineering Center and the Southern California Earthquake Center have defined
a set of seismic model problems in an effort to evaluate and validate wave propagation software [7]. We
have computed solutions to several of these problems but in order to save space we only report our
results for problem LOH.2, which models a simplified earthquake with slip on an extended fault surface,
see Figure 5. The material in this model consists of a layer over a half-space, where the layer extends
from depth z = 0 to z = 1000. The velocities and density in the layer are ¢, = 4000, ¢, = 2000, p = 2600.
The half-space z > 1000 has the material properties ¢, = 6000, c; = 3464, p = 2700.

The slip on the extended fault is modeled by distributing point moment sources on a regular grid
with size ds (which is independent of the grid size h) over the fault surface x = 0, 0 < y < 8000,
2000 < z < 6000. In this case, the fault slips by a constant amount in the y-direction, which means that
the Cartesian components of the moment tensor 9, in each source term (73) equals

0 1 0
M. =02uSo | 1 0 0 |, So=1.
0 0 0

The modeled earthquake starts at the hypocenter x g = (0, 1000,4000), and the rupture propagates along
the fault surface with a uniform rupture velocity of 3000. The propagation of the rupture is modeled by
letting the source time function g, (¢) depend on the distance between the hypocenter and the location of
each source,

R, = |x, — xpg]|.

The time dependence of source number 7 is

0, t < R,/3000,

g, (1) = . 7(t) = t — R,/3000,
0 1— (1 + T}“) e~™W/T > R,/3000, 0 /
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Figure 5: The computational domain and fault surface for the simplified earthquake problem LOH.2
(upper left). The e indicates the measurement station and the magnified plane shows the fault surface,
where the slip starts at the hypocenter indicated by concentric circles. Our results are shown with solid

lines for the vertical (top right), radial (bottom left), and transverse (bottom right) velocity components,
and the dashed lines are the results from the UCSB code, see [7].

where T' = 0.1 is related to the rise-time of the slip, i.e., how quickly the fault slips at each fixed point
along the fault surface.

In our calculation, the extent of the computational domain was —15,000 < z < 15,000, —15,000 <
y < 15,000, 0 < z < 17,000, and non-reflecting boundary conditions were imposed on all boundaries
except at z = 0, where a free surface condition was enforced. The grid size was h = 50 corresponding to
about 1.23 x 108 grid points, and 1,742 time steps were taken to reach time ¢t = 9. We discretized the
fault surface with d, = 100, giving 3200 point moment sources. Results for this problem are available
from a number of finite-difference and finite-element codes [7]. To compare our results, we recorded the
time evolution of the velocity (i.e., the time derivative of the displacement) at a number of stations along
a line on the free surface. Since all codes predicted similar results, we only show the comparison with
the UCSB code (using notation from [7]). This code solves the elastic wave equation as a first order
system in velocity-stress formulation using a staggered grid finite-difference method. Since the source
time functions g,.(t) trigger high frequency motions which are not resolvable on the mesh, the results from
both our and the UCSB code were low-pass filtered in time using a Gaussian with filter width o = 0.05.
In Figure 5 we compare solutions at a station located at x = (6000,8000,0). Velocities are given in a
cylindrical coordinate system (radial, transverse, up) with origin at (0,0, 0). Note that the non-reflecting
boundary conditions only effect the solution after ¢t =~ 5 and that our results compare especially well with
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the other code before that time. One way of determining the accuracy of the solution after ¢ ~ 5 would
be to repeat the simulation on a larger domain, but the computational cost was too great to perform
that experiment.

5 Conclusions

We have described a stable, second order accurate finite difference method for the elastic wave equation
in second order formulation subject to a stress-free boundary condition on a flat surface. We have proven
that the method is stable even when the coefficients are discontinuous in space, as long as p > 0, A > 0,
and p > 0 at all grid points. The stability limit on the time step has been studied in detail, and we have
shown that all values of ¢,/cs > V2 can be handled if the time step is reduced by 9% compared to the
von Neumann value. We have also described a way to discretize point forces and moments on the mesh
so that the solution becomes second order accurate away from the singularity in the solution.

In seismic applications it is common to have water (e.g., a lake or an ocean) in parts of the domain.
Only compressional (P-) waves can travel through water and the acoustic wave propagation can be
modeled by setting 4 = 0 in the elastic wave equation. We have generalized our scheme to handle the
mixed elastic/acoustic case, and this scheme was used as part of a simulation effort coordinated by the
U.S. Geological Survey to model ground motions during the great 1906 San Francisco earthquake [21].
Our results showed good agreement with other codes and measured Mercalli intensities. More details will
be described in a forthcoming paper.

Future plans include generalizing our embedded boundary technique for the scalar wave equation [17,
15, 14], to the elastic wave equation. In the seismic application, embedded boundaries will allow us to
include effects of topography and more accurately treat internal material discontinuities.
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A Accuracy (Theorem 1)

We will prove the accuracy of the semi-discrete equations by showing that they are equivalent to another
approximation which clearly is second order accurate. In particular, we want to analyze the accuracy
of the spatial discretization (17), (18), (19) at the z = 0 boundary, where the free surface boundary
condition is applied. At this boundary, the operator bvg simplifies to D%, which would appear to only
give a first order accurate difference formula. However, we proceed to show that this difference for-
mula, in combination with the discrete free-surface boundary condition, indeed results in a second order
approximation.

We start by eliminating the ghost points above the free surface from the semi-discrete system (17),
(18), (19), subject to the boundary conditions (20), (21), and (22). To save space, we only go through
the details for (17) subject to (20). The terms in L(*) that contain z-differences on the z = 0 grid line
are

Tij =t D2 (pijs/2D3uiga) + Dy (NijjaDiwign) + D3 (i g1 Dgwiga) »

The free surface boundary condition (20) gives

z . z T
Mg 2D3 i g0 = —Hi 32D wi g1 — 244 51 Dywi i
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Hence,

2
Ti; = 7 [14i,,3/2D 75w ja + pijaD§wi ] + D§ (NijaDiws 1) + D% (i1 D§wi ) - (82)
We compare the spatial discretization to a fully centered scheme where the terms in L(*) that contain
z-differences on the z = 0 grid line,

’Tl"j = Di (M@jﬁ/gDiU@jJ) + Dg ()\MJDSwMJ) + Dg (ui7j,1D§wi7j71) . (83)

We can perturb the free surface boundary condition (20) by a second order term,

1 z z xr

5 (Higs/2 D3 + pigaj2Diuigo) + piga Dgwi i = h*Rij. (84)
The resulting spatial discretization will be second order accurate as long as R is a difference operator
which is bounded independently of h for smooth functions. We will determine R such that (83) subject
to (84) is equivalent to (82). The boundary condition (84) gives

pi a2 Diuijo = —pi a2 Diwiji — 24 1 Dgwi j1 + 2h* Ry ;. (85)

Using (85), (83) can be written

T 2 z T T z z T
Tij =+ [11i,3,3/2 D5 i g+ i Dgwija] + Df (NijaDwi 1) + D§ (i ja Diwi 1) + 2hR; ;.

Hence, T' = T if
Dg (MijaDiwija) + D3 (pijiDgwija) = D§ (i jaDgwija) + D§ (pijaDwi i) + 2hR; ;.

We have h
Diw = Diw — §D1Diw,

which gives
1 1
Rij = D5 (i DiDZwi ) + 7 DL D2 (i ja Dywiga).

Similar calculations show that the boundary conditions (21) and (22) can be perturbed by second order
terms to account for the difference between a fully centered and a one-sided spatial discretization in L)
and L") respectively.

This proves that the semi-discrete approximation (17)-(19) subject to the boundary conditions (20)-
(22) is second order accurate. | |

Note: Inserting the expression for R; ; into (84) shows that the fully centered approximation couples
all ghost points (k = 0) along the free surface. Hence, using this formulation would require a linear
system to be solved to obtain the ghost point values at each time step. As we have demonstrated, the
same solution can be obtained without solving a linear system by using our one-sided formula on the
boundary.
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B Self-adjointness of the spatial operator (Lemma 1)

It is straight forward to show the following summation by parts identities:

h2
(w, DZv)p = —(Diw,v)n — = D (Wiavi g1+ wigavi o) + B2 Wi NN 1, (86)
i i
N N B2
(w, Dgv)p = —(Dgw,v)n = h* Y w; ;1051 + 1 D (WigN. vy N, + Wi NV N1),  (87)
i i

where >, . = Z;V:l*l Zj\]:yf ', Since the solution satisfies periodic boundary conditions in the 2 and
y-directions, we have

(w,D¥v), = —(DYw,v)n, (w,Div)p = —(Dyw,v)p, (88)
(w, DY v), = —(DYw,v)n, (w,Dfv)n = —(Dfw,v)p. (89)

Consider the three terms in the left hand side of (26): LHS := 1+ IT + II1,
I= (uO,L(“)(ul,vl,wl))h, Il = (UO,L(”)(ul,vl,wl))h, III = (wO,L(“’)(ul,vl,wl))h
Applying the summation by parts identities (86)-(89) on the first term gives

I=— (Df_uo, By (20 + A)Diul)h - (Diuo,E§/2(u)D1u1)h - (Dj_uo, Ef/Q(u)Dj_ul)h

— (D§u® AD§v! + ADju' ) — (Dfu®,uDgv"), — (Dgu’, uDfu' ) + B, (90)

=
where the boundary terms are
2
B(u) _ h_ 0 o DZ 1 0 o DZ 1
== 5 > (Wljamigep Di o + 12D o)

4,3

2 0 x 1 2 0 z 1
— >l i Dywl i+ B2 ud s o ign.—12Diul N

i 0
h2
0 x, .1 0 x 1
Ty (U v N DEw U s g N Dgw ) -
i

The homogeneous Dirichlet boundary condition (23) gives
upjn. =0, Dgwi;n, =0.
Hence, the third and fourth terms in B(*) vanish. To analyze the first term, we note that

UO

_,,0 z,0
i.g,2 = Wiga +hDiu;

i1t

Therefore,

h2
B = ) > ol (g2 Diud o + pigaeDiul o+ 2m 0 Diw) ;)
i
h3

z,,0 z,1
) tig,3/2Diug 1 Diwgjq. (91)
4,7
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The first term in (91) vanishes because of the free-surface boundary condition (20) and we arrive at
() n 0 1
BY = =% pigaseDiudaDiug .
(2]
The second term in LHS can be analyzed in the same way giving
1T = - (D3, f/Q(u)Divl)h — (DY, BY 2+ A)Diul)h - (DiUO,Ef/Q(u)Divl)h
—( gvo,uDé’ul)h - (Dé’vo,/\Dgul + Abvgwl)h - (5’51;0,#1)3101)}1 +BW, (92)

where 3
v h z 2
BW = D) ZMi,j,3/2D+vl'07j,1D+U1'le’1'

i
For the third term in LHS we get
111 = — (D, By (m)Df ') = (DYw’, BY () DY w')

— (Df)”wo,,ubvgul)h - (Dgwo,ubvgvl)h — (bvgw07)\D§u1 + )\ngl)h +BW (93)

— (D3’ B p(2n + A)Diwl)h

h h

where 3
B = Y > (2pijssa + Nijap)Diwl; Diwg ;.
(2]
After applying the same summation by parts rules to the right hand side of (26) it is straight forward
to verify that the right hand side equals the left hand side. [ ]

C Ellipticity of the spatial operator (Lemma 3)

We will mimic the construction of the energy in the continuous case by exploring the identity
D* 1/2(,u)D+u = D (pDgu) — ID+D— (ND+D—U) (94)

in the periodic z- and y-directions. The problem is not periodic in the z-direction. We will use the
following summation-by-parts form of the above identity instead (N = N, in this appendix)

4 r4 z Nz Nz h2 4 z z z
(u,D_ 1/2(M)D+u)h =— (Dgu, ,uDgu)h vy (D+D_u,uD+D_u)hr

1 1
2 z z
+07 :(—gﬂz‘,j,lmui,jJDwz’J,o — gHigs/2tig1 D U g
irj

M j,N i j,N—1

_|_

uj,N—1DJui N1 + u; j,NnDiuijn-1) (95)

We obtain, by use of (94) in the periodic directions,

L (u,v,w) = 2D® ( f/Q(M)Diu) + D ( f/Q(y)Dju)
+ D ()\(Dgu + Div + l/)v(z)w)) + DY (u(D¥u + DEv)) + Di (uDgw)

h2

-7 (DEDT(AD{D7u) + DY D" (1D} DV w)).
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L (u, v,w) = 2DV (Ef/Q(u)Dﬂ_v) +D* ( f/Q(,u)Dj_v>

+ DY (M(Dju+ Dfv + Djw)) + D§ (u(Dfu + Dgv)) + D (nDfw)

2
(D% (uDE D) + DYDY (DY DY)

L) (u,v,w) = 2D? ( f/g(,u)Dj_w> + D? ( f/Q()\)Dj_w)

+ Df (A(D§u + Dyv)) + Df (u(Dju+ Dw) ) + DY (u(Dgv + Diw))
h2 €T T xT xT
- (D% D* (uD% D* w) + DY DY (uD% D? w)) ,

Identities (95) and (87) give

(u, L)), = —2(D%u, EY)o(p)DYu)p — (13/5u, ul/)vgu)h — (Da”u, AN D§u + Div + lAfgw))h

— (DYu, p(DYu+ D)), — (Dgu, nDGw)

h2
vy (D% D* u, AD} D w)}, + (DY D u, uD¥ DY w)p, + (D7 D* u, D7 D? u)pr]

+1{" + 1Y

where Tl(u) and T](\;L ) are the boundary terms that correspond to the boundary at k = 1 and at k = N,
respectively. The periodic directions do not contribute with any boundary terms as seen from (88) and
(89). We have

(w) _ 72 1 z 1 z x
77 =h E , — 5 Hig1/2Ui3 1 D3 G0 = SHi 3201 D30 — gt g Dowi g
ij

1 1
2 z z xT
=h*> wija (—guz’,j,wDMm‘,o = ghigs2Divign = pigaDowiga | -
i

It follows directly from the free surface boundary condition (20) that Tl(“) = 0. The boundary terms at

k = N are given by

(W) 2N Hij,N-1 . Hij,NWij,N=1 1\q

TN =1 (72 Ui j N Dowij N1 + =5 — Do v
i

Wi j,N Hij,N—1

* 2

4 z
U j,N-1DZu; 5 N + w; j,NDZu; 5 n).

The Dirichlet boundary condition at k = N gives

Hi,j,N
Ty = —h Z %“ijw—l-
irj
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Similarly, we obtain
(v, L), = —2(Div,E31’/2(u)Div)h — (Dgv, pDgv);, — (Dé’v, AN D§u + Div + lf)vgw))h

~ (D§v. u(DYu+ Diw)),, — (Dgv, uDfw)

h2
— — [(DY.D* v, uD% D* )}, + (DYDY v, ADY D v)}, + (D% D* v, puD5 D v)r

4
Hi 5 N
- hZ #“ijw—r
4,3
In the z-direction, we make use of (87) and (95) as well as

(w,Di ( f/2(,u)Diw>)h = - (Dfrw,Ef/Q(,u)Diw)h

1 1 h
+h%Yy — 5 Higa/2Wiga Diwigo = 5 hi g awigaDiwiga — 5#i,j,3/2(Diwi,j,1)2
i

+ i j,N—1/2Wi j,NDiw; jN-1.
We have
(w, L)y = =2(D3w, B} 5 (1) D3w)y, — (Dgw, ADgw);, — (Dgw, X(Dgu + Div)),
— (D§w, w(Dw + Dgu))n — (DYw, p(DYw + Div))n
h2
- (D% D* w, uD% D* w)y, + (DYDY w, pD% DY w)y, + (D%.D?* w, AD% D* w)p, ]
+ Tl(w) + T](Vw),
)

where Tl(w) are the boundary terms that belong to the free surface boundary, and T](Vw
terms that belong to the Dirichlet boundary. We have

(w) _ 32 1 z 1 z T Yy
w7 =h E :—§>\i,j,1/2wi,j,1D+wi,j,o - 5/\i,j,3/2wi,j,1D+wi,j,1 — wi 3,151 (Do i g1 + Dyvig1)
i
z z z 2 _
— Wi j1/2Wi g1 D3 wi g0 — Wi gasewi g1 Diwi i — b a2 (Diw; )" =

1 1

2 Y

h E wi,j,l(*5&,]‘,1/21311%,0 - 5)\1',13/2175?%]:1 = Xij1(Dgui i + Dgvi i)
i

= iga2Diwigo = piga/2Diwi ) = hit a2 (Diwi ).
The free surface boundary condition (22) gives
T = =133 i asa(Diwi ).
4,J
At the Dirichlet boundary we have

(W) _ 42 p 1 o y
Iy ' =h E 24§, N—1/2Wi5,NDiw; j n—1 + Swi 5 N—1Ai N (Dg i j,n + Dgvijn)
i

2

1 i N
x Y 75 z
+ swi i NAijN—1(DguijN—1 + Dgvijn-1) + wi,j,N—1 D3 wi jN-1
2 2 +
i N s s
,73,N—1 z i,j,N 2
+ =5 wigNnDiwijn—1 = —h > :—2 Wi j.N-1-

2]
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Adding the expressions for (u, L(")), (v, L"), and (w, L)) results in (28), (29), and (30).
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